ABSTRACT: Chondrosarcoma (CS) is a cartilage malignancy of adulthood that is treated by surgery alone, since chemotherapy is considered ineffective. Unfortunately, a large proportion of patients with CS develop lung metastases, and several die of the disease. In this study, we compared 3D-spheroid cultures and conventional cell monolayer models in order to identify the best way to select anticancer agents that could be effective for the systemic control of CS. Using SW1353 cells, we developed a three-dimensional (3D) in vitro culture model to mimic in vivo features of CS microenvironment and evaluated the efficacy of different drugs to modulate CS cell proliferation and survival in 2D versus 3D-cultures. Doxorubicin (DXR) and cisplatin, that are widely employed in sarcomas, were less effective on 3D-CS spheroids when compared to standard monolayer models, whereas treatment with the ionophore salinomycin (SAL) had a strong cytotoxic effect both on 2D and 3D-cultures. Furthermore, as demonstrated by the reduced viability and the enhanced DXR nuclear localization, SAL enhanced DXR cytotoxicity in 3D-CS spheroids also at sub-lethal doses. SAL activity on 3D-CS spheroids was mediated by a significant induction of apoptosis via caspase activation. This study demonstrates that preclinical tests significantly differ in monolayer and 3D cultures of CS cells. Using this approach, SAL, alone or, at sub-lethal concentrations, in combination with DXR, represents a promising agent for the systemic treatment of CS. ß
Chondrosarcoma (CS) is the second most common primary bone sarcoma with an estimated annual incidence of one in 200,000, 1 most commonly affecting adult patients. CS is highly heterogeneous, with different grades of histologic malignancy coexisting in the same lesion. CS is resistant to chemotherapy, 2 possibly due to a low proliferation rate, 3 and the only therapeutic option is surgical resection of the primary tumor. Unfortunately, grade 2 and 3 CS may frequently progress with the development of lung metastases, and the prognosis of these patients is poor. Previous studies have addressed the issue of chemoresistance of CS in order to identify drugs and/or targets of clinical significance, with little if any success. [4] [5] It is likely that conventional in vitro assays based on monolayer cultures of tumor cells are not sufficient to reproduce the three-dimensional (3D) structure of CS. 6 To overcome this limitation, 3D chondrogenic culture models have been set up, 7 in which CS cells cultured in 3D produce cartilaginous matrix, thus resembling the original tissue architecture. CS cells cultured in chondrogenic 3D pellets have been reported to be resistant to doxorubicin (DXR) and mafosfamide. 7 Such 3D-associated chemoresistance is very likely mediated by the tumor microenvironment that is recapitulated in the 3D structure, and that is typically characterized by hypoxic and acidic areas due to cancer cells tendency to glucose consumption with increased lactate production and a consequent high proton flow. [8] [9] [10] Indeed, we and others have demonstrated that extracellular acidity contributes to chemoresistance of malignant cells. [11] [12] Spheroids develop radial gradients of intracellular and extracellular pH (pHi and pHe), with the lowest levels reached at the spheroid core, resulting in gene expression and phenotypic changes that possibly account also for the drug resistance observed in vivo. [13] [14] Low pH or other types of metabolic stresses, like hypoxia and decreased nutrients availability, that are normally associated with 3D-cell growth and expansion can also induce the activation of adaptation/survival mechanisms, including autophagy.
15 Macroautophagy (autophagy) is a catabolic process aimed to balance cellular homeostasis by degrading misfolded proteins, protein aggregates, lipids, and damaged organelles. 16 This process consists in the formation of the autophagosome, a double-membrane vesicle that sequesters cytosolic cargo and then fuses with lysosomes (autolysosome), where the content undergoes hydrolytic degradation and recycling to fuel cellular growth. Autophagy has a dual role in cancer, acting both as a tumor suppressor or tumor promoter depending on the tumor type and stage and the genetic background. [17] [18] Autophagy counteracts tumorigenesis by preventing DNA damage, genomic instability and p62 accumulation. On the other hand, autophagy also promotes stemness and cell survival in established tumors, thus leading to adaptation to cellular stress and resistance to treatments. 19 Recently, several authors have reported that autophagy gives a substantial contribution to the survival and adaptation of cancer cells to an acidic environment, [20] [21] and to drug resistance. 22 Pharmacological autophagy inhibition has been used to sensitize tumor cells, including CS cells, to chemotherapeutic drugs. 
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In this study, we evaluated the efficacy of different drugs, including the anti-mitogenic DXR and cisplatin (CIS) and the anti-autophagic chloroquine (CQ) and salinomycin, to modulate CS cell proliferation and survival in 2D and 3D-cultures.
MATERIALS AND METHODS

Cell Lines and Culture
Continuous cell lines of human osteosarcoma (MG-63) and CS (SW1353) were obtained from the American Type Culture Collection (ATCC, Rockville, MD). The MDR cell line MG-63DXR30 was established from the parental MG-63.
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SW1353 and MG-63DXR30 were cultured in Iscove's Modified Dulbecco's Medium (IMDM, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Mascia Brunelli, Milan, Italy), penicillin (100 U/ml), and streptomycin (100 mg/ml) (Invitrogen) at 37˚C and 5% CO 2 . Only cells in exponential growth phase were used.
To obtain 3D spheroids by the hanging-drop method, 5,000 SW1353 cells were plated in 96-well Round Bottom Ultra-low attachment plate (Costar) in 200 ml of IMDM. Additional 200 ml of filtered IMDM were added to each well and the lid placed over the plate, with specific supports fixed at every corner. Then, the plate was turned and incubated in gentle stirring at 37˚C and 5% CO 2 o/n. The next day, the plate was flipped again, 200 ml of medium were removed and the formed spheroids were let grow, monitoring them constantly by using a Nikon Eclipse-TE 2000-S microscope (Nikon, Tokyo, Japan).
Cell Viability Assay
The acid phosphatase assay was used to measure cell viability. 25 Briefly, SW1353 cells were seeded in triplicate in 96-well plates both as monolayers (2.5 Â 10 3 cells/well) and in 3D cultures. After 24 h for 2D cultures and 1 week for 3D cultures, cells were treated with increasing doses of DXR, CIS, CQ, and SAL (0-50 mM). Doses were chosen based on previous observations and characterization of these drugs. 26 Additionally, to evaluate a potential combined effect of DXR and SAL, SW1353 spheroids were treated for 72 h with DXR at increasing concentrations (0-4.5 mM), alone or combined with a non-cytotoxic dose of SAL (3.125 mM).
After 72 h of treatment, the supernatant was discarded, cells were washed with 200 ml/well of PBS, and 100 ml/well of NaAc-buffer (Sodium Acetate, Sigma-Aldrich, Milan, Italy) containing p-Nitrophenyl phosphate disodium hexahydrate were added. After 2 h of incubation at 37˚C and 5% CO 2 , the reaction was stopped with 10 ml/well of NaOH 1M and the absorbance at 405 nm was recorded by using a microplatereader (Tecan Infinite F200pro, Tecan, Milan, Italy). Results were expressed as percentage of viable cells with respect to the control.
Quantitative Real-Time PCR Total RNA was extracted from semi-confluent SW1353 cells and MG63DXR30 cells by using RNeasy Mini Kit (Qiagen GmbH, Milan, Italy). Total mRNA was reverse transcribed by the Advantage RT-for-PCR Kit (Roche, Milan, Italy). The expression of multidrug resistance protein 1 (MDR1) and carbonic anhydrase IX (CA IX) was evaluated by using the Light Cycler instrumentation (Roche) by amplifying 1 mg of cDNA and the Universal Probe Library system (Roche). Probes and primers were selected by using a web-based assay design software (ProbeFinder https://lifescience.roche. com/en_it/brands/universal-probe-library.html) ( Table 1 ). The protocol of amplification was: 95˚C for 10 min; 95˚C for 10 s, 60˚C for 30 s, and 72˚C for 1 s for 45 cycles; 40˚C for 30 s. The results were expressed as the ratio between gene of interest and the geometric average of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and tyrosine 3-monooxygenase/ tryptophan 5-monooxygenase activation protein zeta polypeptide (YWHAZ), used as reference genes, according to the 2-DDCT method. 27 Western Blotting Whole-cell extracts from cells cultured in both monolayer and spheroids were lysed with RIPA buffer (Tris pH 7.6 50 mM, NaCl 150 mM, Triton-X 100 5%, sodium deoxycholate 0.25%, EGTA pH 8 1 mM, NaF 1 mM) (Sigma-Aldrich) supplemented with protease-inhibitor cocktail (Roche). Equal amounts of lysates were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE), followed by immunoblotting overnight at 4˚C with anti-human LC3B (Cell Signaling Technology, Danvers), anti-human p62 (BD Biosciences, San Jose, CA) or anti-human TBP (Dallas, TX) antibodies, as reference. The next day membranes were washed and incubated for 1 h with HRP-conjugated secondary antibody and the binding was detected by the ECL system. Whole-cell extracts signals from each band were quantified by dedicated software (Quantity One, Biorad Laboratories Headquarters, Hercules, CA). To evaluate the autophagy basal level, SW 1353 cells were seeded and, after 24 h, the medium (IMDM) was replaced with Earle's Balanced Salt Solution (EBSS, Gibco, Monza, Italy), to induce autophagy under starvation conditions. After 2 h, the V-ATPase inhibitor Bafilomycin A1 (BafA1) 26 was added to the medium to monitor autophagic flux. After additional 2 h, whole-cell extracts from SW1353 cells were obtained as described above.
DXR Uptake
Hanging drop spheroids were obtained as described above, treated with SAL 3.125 mM for 72 h and then transferred in glass-bottom Petri dishes (WillCo-dish, Amsterdam, the Netherland) for confocal microscope analysis. Then, medium was changed with new medium containing DXR (35 mM). After 30 min, 20 mg/ml of bisBenzimide Hoechst 33258 (Sigma-Aldrich) was added to the cells and confocal acquisition has been performed. In particular, the chamber slides were placed in an incubator, OkoLab (Napoli, Italy), on the stage of the confocal microscope (Nikon, T1). The excitation laser beam of 408 and 488 nm was directed to the sample via objective 20Â.
The resulting fluorescence emission was collected centered at 450 and 595 nm with a pinhole of 83 mM.
Apoptosis
The activity of caspase 3 and 7 was measured by a luminescence assay (Caspase-GloR 3/7 Assay, Promega, Milan, Italy) according to the manufacturer instructions. Briefly, SW1353 spheroids were treated with SAL 3.125 mM, DXR 0.066 mM, or SAL 3.125 mM and DXR 0.066 mM for 72 h. As negative control, cells were incubated with medium added with the same amount of PBS. As a positive control of apoptosis, cells were treated with staurosporine 1 mM for 4 h. After 72 h, the Caspase-GloR 3/7 Assay was performed, and the luminescent signal, that is proportional to caspase 3/7 activities, was collected by using a microplate-reader (Infinite F200pro).
Statistical Analysis
Statistical analysis was performed using the StatView TM 5.0.1 software for Windows (SAS Institute, Cary, NC). Results were reported as mean AE standard deviation and the differences were analyzed using non-parametric Mann-Whitney test for the difference between groups. Only p < 0.05 were considered significant.
RESULTS
Characterization of 3D-CS Spheroids SW1353 spheroids generated from 5 Â 10 3 cells/well reached a diameter of approximately 500 mm after 7 days (Fig. 1) . After 1 week, the cytotoxicity of two commonly used in vivo drugs DXR and CIS was tested on SW1353 cells cultured as 2D monolayer or as 3D spheroids. We observed a dose-dependent inhibition of cell growth, with a distinct effect between the two types of cell culture: after 72 h of drug treatment, cell viability was significantly higher in cells cultured as spheroids than in cells cultured as monolayer (Fig. 2a and b) .
We hypothesized that peculiar features of 3D-structure of CS spheroids were responsible for the reduced drug sensitivity. On this basis, we further characterized SW1353 spheroids to evaluate if drug resistance was mediated by an increased expression of the drug efflux pump p-glycoprotein (P-gp), a member of the ATP-binding cassette protein superfamily, encoded by the MDR-1 gene. The DXR-resistant osteosarcoma cell line MG63DXR30 was used as positive control for MDR1 expression. Nearly undetectable levels of MDR1 mRNA expression were revealed in SW1353 cells cultured as monolayer and as spheroids (Fig. 2c) , suggesting that MDR1 is not involved in the 3D-induced drug resistance of CS cells. In addition to drug efflux pump, also hypoxia has been associated with drug resistance, 28 and spheroid cultures are often characterized by low oxygen tension. In fact, we found a significantly higher expression of CAIX mRNA in spheroids compared to monolayer cultures (Fig. 2d) , thus suggesting the presence of a hypoxic environment in the 3D-model.
SAL is an Effective Drug to Inhibits the Growth of 3D-Cultures of CS
Since autophagy is often upregulated in spheroid cultures and induced by hypoxia in cancer cells, 29 in addition to conventional chemotherapeutic agents, we evaluated the cytotoxic effect of two autophagy inhibitors, CQ and SAL. As DXR and CIS, CQ induced a significant citotoxicity only in 2D monolayer (Fig. 3a) and it was not effective on 3D-CS spheroids (Fig. 3a) . Interestingly, SAL was the only tested drug that has a similar cytotoxic effect on both monolayer and 3D-CS cell cultures (Fig. 3b) .
SAL Treatment Sensitizes 3D-CS Spheroids to the Cytotoxicity of DXR
Treatment of 3D-CS spheroids with the combination of a non-cytotoxic dose of SAL (3.125 mM) significantly improved the DXR cytotoxicity (Fig. 4A) . Thus, we analyzed by confocal microscopy the DXR uptake in CS-spheroids pre-treated with SAL for 72 h. SAL SALINOMYCIN EFFICACY ON 3D-SPHEROID CHONDROSARCOMA CULTURE pre-treatment changed DXR distribution within the spheroids since DXR localized at the nuclear level rather than in the cytoplasm, in the cells at the spheroid periphery (Fig. 4B) .
Salinomyicin Mechanism of Cytoxicity in 3D-CS Spheroids SAL has been reported to inhibit autophagic flux in several cancer cell lines. 26, 30, 31 Since tumor cells cultured as 3D structures are characterized by an increased autophagic flux, we measured the autophagic flux in the SW1353 cells cultured as 2D or 3D. Cells cultured in 2D under starvation condition (EBSS) were used as positive control for induction of autophagic flux. The turnover of the autophagic markers p62 and LC3-II was analysed by Bafilomycin A1 clamp experiments and the autophagic flux expressed as the ratio of LC3-II or p62 expression in BafA1-treated versus untreated samples. Starved cells showed an increased turnover rate for both LC3-II and p62 with respect to control cultures (Fig. 5A) . Moreover, the autophagic flux calculated for both LC3-II and p62 was increased in SW1353 cells cultured as spheroids as compared to 2D cultures. Therefore, these data suggest that SW1353 cultured as spheroids are also characterized by an increased autophagic flux which could be disrupted by treatment with SAL. Finally, we tested whether apoptosis was affected by SAL treatment. The analysis of caspase 3 activity showed a higher induction of apoptosis for both SAL treatment alone or in combination with DXR in CS spheroids (Fig. 5B , the treatment with staurosporin as a positive control for the assay caused a signal of 81,079 AE 6,029). 
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DISCUSSION
Chemoresistance represents a big challenge for the successful treatment of CS, and there is need to identify reliable methods to preclinically assess the effectiveness of therapeutic agents. We hypothesized that 3D cell culture models reproduce the physical and metabolic complexity of CS better than traditional monolayer cultures, 6, 14, 32 and compared two drugs that are highly effective in other sarcomas, DXR and CIS, on SW1353 cells cultured as monolayers and spheroids. In line with previous publications, 33 we observed a lower cytotoxic effect on spheroid cultures, confirming the limited efficacy of conventional anticancer drugs in CS. In CS, resistance to DXR might be a direct consequence of P-gp overexpression.
34 P-gp is coded by the multiple drug resistance MDR1 gene, and belongs to the ATP-binding cassette (ABC) transporter family, which utilizes ATP hydrolysis to transport various substrates, among which anti-cancer agents. P-gp has been shown to decrease the cytotoxicity of a broad spectrum of antitumor drugs including anthracyclines (e.g., DXR), vinca alkaloids (e.g., vincristine), podophyllotoxins (e.g., etoposide), and taxanes (e.g., taxol), and it has been found overexpressed in hematologic malignancies and solid tumors. 35 However, resistance to DXR was not related to P-gp overexpression in SW1353 cells, as shown by the analysis of MDR1 gene expression in monolayer cultures as well as in 3D-CS cultures. One of the possible explanations for drug resistance in 3D-CS cultures derives from the peculiar microenvironmental feature of 3D cell growing structure. Indeed, 3D organoid-like cultures rely not only on cell autonomy or cell-cell interactions, but also on intrinsic or extrinsic biochemical signals that constitute the tumor microenvironment, including local hypoxia, low access to nutrients, and acidosis. The establishment of low pH and decreased oxygen tension conditions are particularly important for CS, since CS are avascularized and highly hypoxic tumors. 36 Hypoxia is a typical feature of several malignant tumors and, through the activation of the hypoxia inducible factor 1a (HIF-1a), triggers the expression of CAIX, a membrane-bound enzyme that catalyzes the hydration of carbon dioxide to bicarbonate and a proton. 28 Through this catalytic activity, CA IX participates in the regulation of intracellular and extracellular pH perturbations resulting from the metabolic changes induced by hypoxia in tumors.
The strict link between intratumoral hypoxia and CAIX expression and function is confirmed by the active role of hypoxia on CAIX post-transcriptional mechanisms through splicing and mRNA stabilization. Ã indicates a p < 0.05 (n ¼ 3).
SALINOMYCIN EFFICACY ON 3D-SPHEROID CHONDROSARCOMA CULTURE
Moreover, recent findings suggest that a miRNA family regulating the responses to hypoxia can modulate also CAIX expression. 28 Thus, we analyzed CA IX expression as a marker of hypoxia 13 in order to verify if our 3D-CS model adequately resembles in vivo CS-features. We found a significantly higher CA IX expression in spheroids as compared to monolayer cultures. CA IX expression is also often associated with acidosis 8, 9 and extracellular acidosis can also account for the induction of drug resistance to conventional anti-mitotic drugs, like DXR, 9, 12 or to less conventional anti-autophagic drugs, like CQ. 37 CQ is an autophagy-inhibiting agent currently under investigation in clinical trials in solid tumors 38 that, however, revealed to be not effective on melanoma and colon cancer cells viability in acidic conditions. Similarly, CQ did not show any cytotoxic activity in our CS 3D-cultures. Weak base drugs, like CQ and its derivate hydroxychloroquine (HCQ), are not able to block autophagy machinery activity in acidic conditions because of a reduction in cellular uptake, 37 which is a possible explanation for the lack of effectiveness in CS spheroids. However, increased autophagy has been often associated with 3D-structure and with hypoxia, 15, 29 and the use of anti-autophagic drugs could be also recommended for the treatment of CS. The ionophore antibiotic SAL, that is widely used in veterinary medicine, inhibits autophagy and lysosomal proteolytic activity in both breast cancer stem cells and cancer cells. 30 SAL inhibits cell growth in several types of cancer, including ovarian, 39 head and neck cancer cells, 40 prostate, 41 and pancreatic cancer. 42 SAL has a 100-fold greater pharmacological efficacy than that of the commonly used chemotherapeutic drug paclitaxel, and inhibits tumor seeding, growth and metastasis in NOD/SCID mice in vivo. 43 Most importantly, we have found that SAL has an increased cytotoxic activity under low pH conditions. 26 Thus, we tested SAL for the treatment of CS by using 3D-CS model. Interestingly, we found that SAL was the only tested drug that significantly decreased CS growth also cultured as 3D-structures.
Previous studies have shown that treatment with SAL increases chemosensitivity of cancer cells to other anti-cancer drugs, like DXR and etoposide. Such effect was mediated by an increase in DNA damage and a reduction in the expression of p21. 44 Furthermore, pretreatment of breast cancer cells with SAL increases their sensitivity to DXR by decreasing drug efflux pumps expression and activity. 45 In agreement with these findings, we observed that a non-cytotoxic concentration of SAL significantly increased the cytotoxic effects of DXR on CS spheroids.
Various mechanisms of action and molecular targets of SAL have been described, 46 including unconventional cell death pathways, increase DNA damage, inhibition of Wnt signaling pathway, and accumulation of reactive oxygen species. [47] [48] [49] However, it is not clear whether and how SAL ionophoric properties and mechanisms of action affect cancer cells activity. First, we investigated the autophagic activity of CS cells. In line with recent observations in other tumor models, 15 we observed that the autophagic flux measured as turnover rate of both LC3-II and p62 is increased in 3D-CS cultures. Another recent study has shown that SAL, alone or in combination with DXR, causes apoptosis by increasing caspase activation. 50 In fact, in 3D-CS spheroids, we found that SAL alone induces activation of caspase 3. Interestingly, the combination of SAL and DXR further increased the levels of active caspase 3 as compared to DXR alone, confirming the viability data. Our data are also in agreement with those obtained in soft tissue sarcoma models, demonstrating that SAL enhances chemosensitivity to DXR by increasing both the caspase activity and the sub-G1 cellular fraction. 50 Moreover, we observed that SAL pre-treatment increased DXR localization at the nuclear level, thus allowing its cytotoxic activity. 51 In conclusion, the ability of SAL to increase the cytotoxicity of DXR in 3D-hypoxic cultures may envisage to consider SAL or its recently developed derivatives 52 as novel anticancer agents for the 
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treatment of CS since it significantly and strongly affects slowly-dividing CS cells, also when maintained in 3D-structure. These findings confirm the 3D chondrogenic spheroids as a more reliable in vitro model to evaluate the effectiveness of drugs for CS treatment, and open a new scenario in which chemotherapy should be reconsidered as a therapeutic option for a systemic treatment of CS.
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